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To combat infections by Gram-negative bacteria, it is not only necessary to kill the bacteria but also to neutralize pathogenicity factors such as
endotoxin (lipopolysaccharide, LPS). The development of antimicrobial peptides based on mammalian endotoxin-binding proteins is a promising
tool in the fight against bacterial infections, and septic shock syndrome. Here, synthetic peptides derived from granulysin (Gra-pep) were
investigated in microbiological and biophysical assays to understand their interaction with LPS. We analyzed the influence of the binding of Gra-
pep on (1) the acyl chain melting of the hydrophobic moiety of LPS, lipid A, by Fourier-transform spectroscopy, (2) the aggregate structure of LPS
by small-angle X-ray scattering and cryo-transmission electron microscopy, and 3) the enthalpy change by isothermal titration calorimetry. In
addition, the influence of Gra-pep on the incorporation of LPS and LPS-LBP (lipopolysaccharide-binding protein) complexes into negatively
charged liposomes was monitored. Our findings demonstrate a characteristic change in the aggregate structure of LPS into multilamellar stacks in
the presence of Gra-pep, but little or no change of acyl chain fluidity. Neutralization of LPS by Gra-pep is not due to a scavenging effect in
solution, but rather proceeds after incorporation into target membranes, suggesting a requisite membrane-bound step.
© 2007 Elsevier B.V. All rights reserved.Keywords: Endotoxin; Lipopolysaccharide; Antimicrobial peptide; Sepsis; Granulysin1. Introduction
Gram-negative bacteria such as Escherichia, Salmonella,
Yersinia, and Vibrio are responsible for a multitude of infec-
tions. In particular, they are inducers of septic shock syndrome
that is lethal in more than 50% of cases [1]. It is well accepted
that lipopolysaccharide (LPS), the main amphiphilic compound
located in the outer leaflet of the outer membrane, is the major
pathogenicity factor of Gram-negative bacteria [2]. When LPS
is released from bacteria due to cell division or cell death, it may
interact with various target cells to induce tumor necrosis factor-
á (TNF-α) and interleukins [3]. At low LPS concentrations,
these interactions may be beneficial; however, high LPS con-⁎ Corresponding author. Tel.: +49 0 4537 188235; fax: +49 0 4537 188632.
E-mail address: Kbranden@fz-borstel.de (K. Brandenburg).
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doi:10.1016/j.bbamem.2007.05.001centrations activate a cascade of events that can result in multi-
organ failure and septic shock for which there is no effective
therapy.
The use of antimicrobial peptides based on endotoxin-binding
structures of mammalian defense proteins [4–6] represents a new
therapeutic approach to septic shock. Granulysin is a cytolytic
protein found in the granules of human cytotoxic T lymphocytes
and natural killer cells [7, 8]. The crystal structure of granulysin
consists of a five-helix bundle suggesting a potential mechanism
of action whereby the positive charges of granulysin orient the
molecule towards the negatively charged surface of target cells
lysing their membrane [9]. Synthetic peptides corresponding to
the linear sequence of granulysin kill Gram-positive and Gram-
negative bacteria [10]. Furthermore, NK-lysin, the porcine ho-
molog of granulysin, inhibits LPS-induced cytokine production
[11], as does a fragment of NK-lysin [12].
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the endotoxins subsequently released. In this study, we
performed systematic microbiological, physico-chemical and
biophysical studies on the interaction of bacterial endotoxins
with four granulysin derivatives (Gra-pep). LPS from Salmo-
nella minnesota Re and Ra, strains R595 and R60, respectively,
were used as endotoxins. We monitored the gel to liquid
crystalline phase transition behavior of the acyl chains of LPS
within its lipid A moiety, the aggregate structure of LPS, their
morphology, the intercalation of the peptides into phosphati-
dylserine (PS) target membranes in the presence of LPS and
lipopolysaccharide-binding protein (LBP), and the influence of
the peptides on the LPS-induced cytokine production in human
mononuclear cells. Our results suggest that neutralization of
LPS by Gra-pep involves association of the complex with
immune cell membranes.
2. Materials and methods
2.1. Bacterial strains and growth
The bacterial strains used in the study were wild-type or LPS mutant strains
of Salmonella enterica (serovar Minnesota) with smooth-form LPS (S form;
wild-type), strain R60 with rough LPS (LPS Ra), and strain R595 deep rough
LPS (LPS Re). For antibacterial assay, bacteria were grown overnight in N-
minimal medium (10.46 g of Bis-Tris, 6.05 g of Tris Base, 0.087 g of K2SO4,
0.136 g of KH2PO4, 0.372 g of KCl, 1.0 g of (NH4)2SO4, 0.1% casamino acids,
38 mM glycerol, 1.0 l distilled water) supplemented with 10 mM MgCl2
(pH 7.4) at 37 °C [13]. Cells were subsequently washed twice with N-minimal
medium, inoculated in N-minimal medium+10 μMMgCl2 (pH 7.4) and grown
to mid-exponential phase. Cells were washed twice with N-minimal medium
+10 μM MgCl2 (pH 7.4) before assay.
2.2. Synthesis of granulysin peptides
Peptides were synthesized using F-moc chemistry on an Applied Bio-
systems (Foster City, CA) automatic peptide synthesizer and purified to
N95% homogeneity by reverse-phase HPLC. Peptide composition was
confirmed by mass spectrometry and amino acid analysis. Peptide stock so-
lutions (10 mM) were prepared in DMSO and diluted into assay medium at
0.078–10 μM.
The sequences of the Gra-pep are shown in Table 1. These peptides are based
on helix 3 and helix 4 of granulysin. This region was previously determined to
be important for antibacterial activity [10]. To increase resistance to proteases,
all Gra-pep were synthesized with D-amino acids.Table 1
Amino acid sequences of granulysin-derived peptides (Gra-pep)
Peptide Sequence Net
positive
charge
Hydrophobic
residues
Prolines
Helix3/ RDVCRNFMRRYQSRVIQGLV 5 8 0
Helix4
G12.34 rrvsrrfmrryrsrrirrlv 11 6 0
G12.35 rrvsrrfmrryrsrrprrlv 11 5 1
G12.21 rrvsrrpmrryrsrrprrlv 11 4 2
G12.25 rrvsrppprryrsrrprrlv 10 3 4
Uppercase letter represent L-amino acids and lowercase letter represent D-amino
acids.
Amino acids substitution of granulysin Helix 3 and Helix 4 regions are indicated
in bold.
Helix 3: RDVCRNFMRR; Helix 4: YQSRVIQGLV.2.3. Assay for antibacterial activity
Microtiter plate assay: each peptide was diluted to 20 μM in assay medium
and 100 μl of this solution were added to the first well of a 96-well microtiter
plate. For twofold serial dilution, 50 μl from each well were transferred to the
next well, which contained 50 μl of assay medium. Subsequently, 50 μl of
bacteria at 2×105 CFU/ml (1×104 cells) were added to each well. The plates
were incubated for 90 min at 37 °C with constant shaking. After 90 min, 100 μl
of 2× LB were added to each well, and the plates were further incubated with
shaking overnight at 37 °C. Bacterial growth was monitored by measuring the
absorbance at 600 nm in a microtiter plate reader (Molecular Devices,
California, USA). The MIC (minimal inhibitory concentration) is defined as
the lowest peptide concentration at which no bacterial growth was measurable
after overnight incubation.
Colony forming unit (CFU) assay: bacteria and Gra-pep were added to
microtiter wells as described above and, after a 90 min incubation at 37 °C,
bacteria were serially diluted in PBS and plated on LB agar. The plates were
incubated overnight at 37 °C, and bacterial colonies were enumerated the
following day by automatic colony counter (aCOLyte colony counter, UK). The
MBC (minimal bactericidal concentration) is defined as the lowest peptide
concentration at which less than 1% of the input bacteria survived.
To test whether pre-incubation of Gra-pep with LPS affects antibacterial
activity, 50 μl of different molar ratio of LPS (S-form or LPS Re) and peptide
G12.21 were incubated in N-minimal medium+10 μM MgCl2 (pH 7.4) in
microtiter wells at room temperature with shaking for 30 min. Then, 50 μl of
bacteria (wild-type or strain R595) at 2×105 CFU/ml were added. After an
additional 90-min incubation at 37 °C with constant shaking, aliquots were
removed, diluted, and plated for CFU assay. The percent survival was
determined as CFU (Gra-pep:LPS) /CFU (medium)×100.
2.4. Lipopolysaccharides and lipid:peptide samples
Lipopolysaccharides from the rough mutant Re and Ra S. minnesota (strains
R595 and R60, respectively) were extracted by the phenol/chloroform/petrol
ether method [14], and S-form LPS was extracted according to the phenol:water
procedure [15]. Briefly, an overnight culture of bacteria grown at 37° was
purified and lyophilized. The schematic structures of LPS presented in Fig. 1
shows that the two mutant LPS molecules differ essentially in the length of the
carbohydrate chain and in the number of negative charges. Lipopolysaccharide-
binding protein (LBP) was a kind gift of Russ L. Dedrick (XOMACo, Berkeley,
CA, USA) and was stored at −70 °C at 1 mg/mL stock solution in 10 mM
HEPES (150 mM NaCl, 0.002% (v/v) Tween 80, 0.1% F68, pH 7.5). Bovine
brain 3-sn-phosphatidylserine (PS) was from Sigma.
All lipid samples were prepared as aqueous suspensions in 20 mM HEPES
(pH 7.0). Briefly, the lipids were suspended directly in buffer and were
temperature-cycled 3 times between 5 and 70 °C, interrupted by intensive
vortex, and then stored 2 h at 4 °C before measurement. To guarantee
physiological conditions, the water content of the samples was ∼95%. For
preparations of phosphatidylserine liposomes, phosphatidylserine was first
solubilized in chloroform, and the solvent was evaporated under a stream of
nitrogen. Then, the lipid was resuspended in the appropriate volume of 20 mM
HEPES, and treated as described above (temperature-cycling). The resulting
liposomes are large and multilamellar as shown by electron microscopy (kindly
performed by H. Kühl, Division of Pathology, Forschungszentrum Borstel).
2.5. Cytokine assay
Human mononuclear cells (MNC): heparinized (20 IU/ml) blood obtained
from healthy donors was mixed with an equal volume of Hank's balanced
solution, layered over Ficoll, and centrifuged for 40 min (21 °C, 500×g). The
interphase layer of MNC was collected and washed twice in Hank's medium and
then resuspended in RPMI 1640 supplemented with 2 mML-glutamine, 100 U/ml
penicillin, 100 μg/ml streptomycin, and 4% heat-inactivated human serum
type AB from healthy donors. MNC (200 μl /well; 5×106 cells/ml) were
transferred into 96-well culture plates. Twenty microliters of a mixture
containing LPS Ra (100 ng/ml or 10 ng/ml) and Gra-pep (10:1 wt.% excess)
was added to each well. Supernatants were harvested after 4 h incubation at
Fig. 1. Chemical structures of rough mutant lipopolysaccharides from Salmonella minnesota. LPS Re and LPS Ra were isolated from the strains R595 and R60,
respectively. The molecular masses of S-form LPS, LPS Ra, LPS Re are 10, 4.3, 2.65 kDa, respectively. GlcNac, N-acetyl-D-glucosamine; Glc, D-Glucose; Gal,
D-Galactose; Hep, L-Glycero-D-manno-heptose; Kdo, 3-Deoxy-D-manno-oct-2-ulopyranosonic acid: GlcN, D-glucosamine; P, phosphate; C, carboxylate.
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ELISA as described elsewhere [16]. TNFα was determined in duplicate at
two different dilutions and the values from two independent experiments were
averaged.
2.6. Fourier-transform infrared spectroscopy (FTIR)
The infrared spectroscopic measurements were performed on an IFS-55
spectrometer (Bruker, Karlsruhe, Germany). The lipid samples were placed in a
CaF2 cuvette with a 12.5 μM teflon spacer. Temperature-scans were performed
automatically between 10 and 70 °C with a heating-rate of 0.6 °C /min. Every
3 °C, 50 interferograms were accumulated, apodized, Fourier transformed, and
converted to absorbance spectra. For strong absorption bands, the band
parameters (peak position, band width, and intensity) were evaluated from the
original spectra, or after subtraction of the strong water bands if necessary. The
main vibrational band used for the analysis is the symmetrical stretching
vibration of themethylene groups ís(CH2) located around 2850 cm
−1, a measure
of order of the lipid A chains [17].
2.7. Isothermal titration calorimetry (ITC)
Microcalorimetric measurements of peptide binding to the endotoxins were
performed on a MCS isothermal titration calorimeter (Microcal Inc., North-
ampton, MA, USA) at 37 °C. Briefly, after thorough degassing of the
suspensions by ultrasonification, 1.5 ml of endotoxin samples (0.05 mM) were
dispensed into the microcalorimetric cell, and 100 μl of peptide solutions
(2 mM) were filled into the syringe compartment. After temperature equi-
libration, the peptides (3 μl) were titrated every 5 min into the lipid-containing
cell under constant stirring. The heat of interaction measured by the ITC
instrument after each injection was plotted versus time. The titration curves were
repeated three times.
2.8. X-ray diffraction
X-ray diffraction measurements were performed at the European Molecular
Biology Laboratory (EMBL) outstation at the Hamburg synchrotron radiation
facility HASYLAB using the SAXS camera X33 [18]. Diffraction patterns in the
range of the scattering vector 0.1b sb1.0 nm −1 (s=2 sin θ/λ, 2θ scattering
angle and λ the wavelength=0.15 nm) were recorded at 40 °C with exposure
times of 1 min using an image plate detector with online readout (MAR345,
MarResearch, Norderstedt/Germany). The s-axis was calibrated with Ag-
behenate, which has a periodicity of 58.4 nm. The diffraction patterns were
evaluated as described previously [19] assigning the spacing ratios of the main
scattering maxima to defined three-dimensional structures. The lamellar andcubic structures are the most relevant here. They are characterized by the
following features:
(1) Lamellar: the reflections are grouped in equidistant ratios, i.e., 1, 1/2,
1/3, 1/4, etc. of the lamellar repeat distance dl;
(2) Cubic: the different space groups of these non-lamellar three-dimen-
sional structures differ in the ratio of their spacings. The relation between
reciprocal spacing shkl=1/dhkl and lattice constant a is
shkl ¼ ½ðh2 þ k2 þ l2Þ=a1=2
(hkl=Miller indices of the corresponding set of plane).
2.9. Cryo Transmission Electron Microscopy (Cryo-TEM)
Three microliters of the dispersion were placed on a copper grid with
perforated carbon film (Quantifoil R 1.2/1.3, Jena, Germany), and excess liquid
was blotted automatically for two s between two strips of filter paper.
Subsequently, the samples were rapidly plunged into liquid ethane (cooled to ~
−175 °C) in a cryo-box (Zeiss, Oberkochen). Excess ethane was removed with a
piece of filter paper. The sample was transferred with a liquid nitrogen-cooled
holder (Gatan 626, München, Germany) into the cryo-TEM (Philips CM 120,
Netherlands) and investigated at 120 kV. The micrographs were generated by a
Tietz-Fast Scan CCD Camera (TVIPS, Gauting, Germany).
2.10. Fluorescence resonance energy transfer spectroscopy (FRET)
Intercalation of the peptides and of LPS Re into liposomes alone or mediated
by lipopolysaccharide-binding protein (LBP) was determined by FRET
spectroscopy applied as a probe dilution assay [20]. Liposomes were labelled
with the donor dye NBD-phosphatidylethanolamine (NBD-PE) and acceptor
dye Rhodamine-PE. Then, the lipids followed by LBP (or vice versa) were
added to liposome at a final concentration of 1 μM. Intercalation was monitored
as the increase of the ratio of the donor intensity Id at 531 nm to that of the
acceptor intensity Ia at 593 nm (FRET signal) in a time-dependent manner.3. Results
3.1. Effect of different LPS structures on the antimicrobial
activity of Gra-pep
It is well known that LPS is a major target for many cationic
antimicrobial peptides [12,21,22]. We asked whether LPS
Fig. 2. Activity of G12.21 against S. enterica strains with various LPS
carbohydrate structures: wild type (S-form LPS; triangles), strain R60 (LPS
Ra; circles), and strain R595 (LPS Re; squares). Percent survival was deter-
mined in the CFU assay. Each data point represents the average of triplicate
wells.
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synthetic peptides based on the sequence of helix 3 and helix 4
of granulysin (see Table 1). These peptides are part of a large
group of synthetic peptides based on granulysin that exhibit
markedly enhanced killing of microbes and minimal toxicity
against mammalian cells (Chen, X. and Clayberger, C.,
unpublished data). Salmonella with distinct LPS sugar
structures used as targets were (i) wild-type S. enterica with
S-form LPS, which contains a full O-antigenic carbohydrate
chain; (ii) mutant strain R60 with LPS Ra, which contains the
complete core sugars; and (iii) mutant strain R595 with LPS Re,
which lacks the O-antigenic chain and has, besides lipid A, only
the 2-keto-3-deoxyoctonate monosaccharides (Fig. 1).
Antimicrobial activity was first tested in a microtiter plate
assay. As shown in Table 2, all four of these peptides kill wild-
type and strain R60 equivalently, and kill strain R595 at lower
MICs. Strain R595 has the shortest form of LPS (Fig. 1).
Comparison of the growth rates of these three strains in LB
medium or N-minimal medium+10 μM MgCl2 (pH 7.4)
revealed that strain R60 grows faster, while the growth rates of
wild-type and strain R595 are quite similar (data not shown). In
addition, strain R60 tends to aggregate even after a short time,
while wild-type and strain R595 remain in suspension. This
behavior of strain R60 might be due to cell–cell interaction
through truncated LPS structures in the cell membrane. There-
fore, the antimicrobial activity of Gra-pep on strain R60 could be
affected by its faster growth rate and cell clumping. We next
tested the effects of peptide G12.21 on these Salmonella strains
using the more sensitive Colony Forming Unit (CFU) assay.
Consistent with the results from the microtiter plate assay, strain
R595 is much more sensitive to treatment with G12.21 than
strain R60 and wild-type at all concentrations of peptide tested
(Fig. 2), indicating that the loss of the O-antigenic chain and the
majority of the core sugar renders the bacteria more sensitive to
Gra-peps.
3.2. Gra-pep lytic activity is neutralized by preincubation with
LPS
Similar to many antimicrobial peptides, Gra-peps have a high
net positive charge and can interact with negatively charged
amphiphiles such as LPS. We asked whether preincubation of
peptide G12.21 with LPS could affect its antibacterial activity.
Preincubation of LPS S-form with G12.21 at 1:10 molar ratioTable 2
Antibacterial activity of Gra-pep against Salmonellawith different forms of LPS
Peptide MIC (μM)
Wild-type
(S-form LPS)
Strain R60
(LPS Ra)
Strain R595
(LPS Re)
G12.34 1.25 1.25 0.625
G12.35 2.5 5 0.625
G12.21 5 5 0.625
G12.25 N5 5 2.5
Antibacterial activity was determined in two independent microtiter assays
with a discrepancy not more than one dilution. MIC: minimal inhibitory
concentration.totally inhibits the antimicrobial activity of G12.21 against wild-
type Salmonella (Fig. 3A), while 10–100 folds more LPS Re is
required to neutralize the antimicrobial activity of G12.21
against wild-type Salmonella (Fig. 3B). In contrast, a 10:1 molar
ratio of LPS S-form:G12.21 is required to totally inhibit the
antimicrobial activity of G12.21 against strain R595 (Fig. 3C),
while a 100:1molar ratio of LPSRe:G12.21 inhibited the activity
of G12.21 against strain R595 (Fig. 3D). Interestingly, higher
molar ratios of LPS Re:G12.21 are required for total inhibition of
antimicrobial activity of G12.21 toward either wild-type or strain
R595, indicating that the overall negative charges on LPS play an
important role for binding to G12.21 and neutralizing its
antimicrobial activity. As a control, the highest concentration
of LPS S-form or LPSRe used in these experiments had no effect
on cell survival (shown in grey bars). Similar results were
obtained when LPS and G12.21 were added together with the
bacteria (data not shown), indicating that the interaction between
LPS and G12.21 is very rapid. In summary, LPS inhibits the
antimicrobial activity of Gra-pep on Salmonella, probably
through direct interaction between LPS and Gra-pep.
3.3. Cytokine production of human mononuclear cells
To study the effects of Gra-pep on LPS-induced cytokine
production in human mononuclear cells (MNC), Gra-pep:LPS
Ra mixtures were added to MNC, and TNFα secretion was
monitored in the cell culture supernatant (Fig. 4). There is a
clear inhibition of the cytokine production in the presence of
Gra-pep. At [LPS Ra] =100 ng/ml, this inhibition is moderate
(Fig. 4, left panel), while at 10 ng/ml, it is strong (Fig. 4, right
panel). These results suggest that Gra-pep not only kill the
bacteria but also are able to neutralize LPS-induced TNFα
production.
3.4. Gel to liquid crystalline phase transition of the acyl chains
of LPS
The phase transition of the acyl chains in the lipid A part of
LPS Re can be monitored by infrared spectroscopy. The peak
Fig. 3. LPS inhibits the antimicrobial activity of G12.21 against S. enterica wild-type and strain R595. Different molar ratios of LPS S-form (or LPS Re):G12.21 were
pre-incubated for 0.5 h, and the antimicrobial activity was tested on wild-type or strain R595. The percent survival was determined in the CFU assay, and each value
represents the average of triplicate wells. The grey bar shows the effect of LPS (highest concentration used in the experiment) on the percent survival of cells. (A) LPS
S-form and G12.21 (tested on wild-type). (B) LPS Re and G12.21 (tested on wild-type). (C) LPS S-form and G12.21 (tested on strain R595). (D) LPS Re and G12.21
(tested on strain R595).
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groups around 2850 cm−1 is a measure of lipid order. As
shown in Fig. 5, the phase transition temperature Tc and the
states of order within the single phases are only marginally
influenced by the addition of the Gra-pep. For G12.21,Fig. 4. Gra-pep inhibit TNFα production induced by LPS Ra. Human
mononuclear cells were stimulated with a mixture of LPS Ra (100 or 10 ng/ml)
andGra-pep (10:1 wt.% excess). TNFα level was measured by ELISA. The figure
shows one typical experiment. The results of the TNFα production are shown as
an arithmetic mean±standard error from duplicate measurements.G12.34, and G12.35, the Tc is shifted slightly to higher values
and the wavenumbers are reduced, indicating a very small
rigidification. For G12.25, the effect is minimal.
3.5. LPS aggregate structures
Aggregates, but not monomers, mediate the biologic
function of LPS [23]. Therefore, synchrotron radiation small-
angle X-ray scattering (SAXS) was applied to elucidate the
aggregate structure of LPS Re in the presence of the Gra-pep.
The X-ray diffraction patterns of LPS alone correspond to a
unilamellar or mixed unilamellar/inverted cubic structure ([24],
data not shown). In the presence of Gra-pep, the patterns
correspond to aggregates consisting of multilamellar stacks,
deduced from the occurrence of reflections at equidistant ratios
(Fig. 6). The values of the periodicities (6.17 nm to 6.30 nm)
indicate 'normal' LPS Re stacks, which have been shown to
occur at theses values at high concentrations of divalent cations
[25]. This means that there is no increase of the water layer
between neighboring stacks, excluding a peripheral binding to
the LPS outer surface.
3.6. Intercalation into phospholipid liposomal membranes
Since the intercalation of LPS into target cell membranes is
mediated by LBP [20, 26], we asked whether Gra-pep are able to
inhibit LPS intercalation. Fig. 7A shows that in the presence of
Fig. 5. Gel to liquid crystalline phase behaviour of the hydrocarbon chains in the lipid amoiety of LPS Re in the absence and presence of the Gra-pep. The peak position
of the symmetric stretching vibration of the methylene groups is plotted versus temperature. The gel phase corresponds to wavenumber values around 2850 cm−1, the
liquid crystalline phase to values around 2852.5 to 2853.0 cm−1.
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Re at t=100 s is added to the liposomes, but there is a strong
signal when LBP is added at t=150 s, suggesting an LBP-
mediated intercalation of LPS into liposomes. LBP alone is able
to intercalate into the liposomes, albeit to a lower degree than
with LPS (compare the ordinate scales) (Fig. 7D). When G12.21
is added at t=50 s to the liposomes, it is also able to incorporate
into the liposomes (Fig. 7B and C). The subsequent addition of
LPS leads to a further intercalation, suggesting that the LPS:
peptide binding leads to a strong membrane insertion of LPS
(Fig. 7B). Lastly, the addition of LBP causes a further increase in
intensity. In the absence of LPS (Fig. 7C) the increase in
intensity due to LBP is minimal, indicating that LPS is necessary
for effective incorporation into liposomes. The results for each
Gra-pep are shown in Fig. 8, G12.34 and G12.35 seem to betterenhance the membrane insertion of LPS, while the effect of
G12.21 and G12.25 is stronger in the presence of LBP.
3.7. Morphology of the LPS: Gra-pep complexes
Cryo-transmission electron microscopy was used to inves-
tigate the morphology of the LPS:peptide complexes. Pure LPS
Ra exhibits fibrillary LPS with cylindrical forms (Fig. 9A). The
diameter of the fibrilles is in the range of 12 nm, which would
correspond to the lamellar repeat distance of hydrated LPS Ra,
i.e. the thickness of one bilayer of LPS Ra [24]. The picture
completely changes when peptide G12.21 is added (Fig. 9B).
Regularly stacked ribbons can be seen, the repeat distance of the
stacks lies approximately at 9 nm, which corresponds to tightly
packed multilamellar structures of LPS Ra [24].
Fig. 6. Small-angle X-ray diffraction patterns of LPS Re in the presence of the Gra-pep at [LPS Re]:[peptides] 6:1 or 4:1 molar. The scattering vector s=1/d=2 sinθ /λ
(d=spacing ratio, θ=scattering angle, λ=wavelength=0.15 nm) is plotted versus the logarithm of the scattering intensity logI.
2427X. Chen et al. / Biochimica et Biophysica Acta 1768 (2007) 2421–24313.8. Binding of peptides to LPS
Isothermal titration calorimetry (ITC) was used to char-
acterize the binding of LPS to the peptides. Equal volumes
(3 μl) of G12.21 (2 mM) and LPS Ra (0.05 mM) were
combined and the resulting thermal reactions were monitored at
37 °C. The ITC curve of enthalpy change versus [G12.21]:
[LPS Ra] molar ratio is plotted in Fig. 10. These data show that
the binding is exothermic, and that binding saturation occurs
around [G12.21]:[LPS Ra] =1:1 mol/mol. In addition, a similar
basic course of the reaction was observed with the other
peptides (data not shown).
4. Discussion
The development of new antimicrobial peptides to treat
infections and systemic septic shock is an important goal. Anumber of groups are evaluating synthetic peptides based on
natural endotoxin-binding structures, including lactoferrin-based
peptides [22], LALF (Limulus-anti-LPS factor)-peptides [27], or
NK-lysin derived peptides [12]. Using a panel of synthetic
peptides based onHelix 3/4 of granulysin (Table 1), we conducted
a biophysical study of their interaction with S. minnesota strains
R595 and R60 and with the corresponding chemically well-
characterized endotoxins LPS Re and LPS Ra (structures Fig. 1).
The former LPS was taken in various measurements since the
interpretation of biophysical techniques such as SAXS is
facilitated due to the short sugar part, whereas for biological
experiments the choice of LPS Ra is more adequate because it has
been shown that it represents the biologically active principle
within the heterogeneous smooth form LPS [28]. However, the
bioactivities of Re and Ra LPS are similar in most systems [29].
Our results indicate that G12.21 is much more effective at
killing bacteria expressing the truncated LPS Re than the
Fig. 7. Intercalation of G12.21/LPS/LBP samples and HEPES buffer control into target cell liposomes measured by fluorescence resonance energy transfer
spectroscopic (FRET). Presented is the FRET signal Id/Ia versus time. The samples were added subsequently at 50, 100, and 150 s to the liposomes.
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binds more tightly to the long form of LPS than to the short
form (Fig. 3). This is indicative of a process that inhibits
peptide-mediated antimicrobial activity (Fig. 2) as well as
cytokine induction by LPS (Fig. 4). In order to understand
these effects, biophysical parameters were investigated. We
show that Gra-pep interaction with LPS causes only minimal
changes in the fluidity of the lipid A acyl chain, indicating that
binding of Gra-pep does not lead to a significant change of
acyl chain order (Fig. 5). This is notable because the whole
LPS assembly is completely rearranged into a multilamellar
form by the addition of Gra-pep (Fig. 6), but apparently
without changing the order of the hydrophobic moiety. Pre-
viously it was shown that pure LPS or lipid A in the
biologically active form adopt unilamellar and/or an inverted,
mostly cubic structures. In contrast, some biologically inactive
non-enterobacterial LPS or lipid A such as lipid A from the
phototropic strain Rhodobacter capsulatus adopt multilamellar
structures [30]. Moreover, for proteins or peptides that sup-
press LPS-induced cytokine production, e.g., Limulus-anti-
LPS-factor (LALF, in recombinant form called endotoxin-binding protein ENP) and peptides of their binding domains,
the binding to lipid A and LPS leads to a conversion into a
multilamellar aggregate [27,31]. Thus, the conversion into a
multilamellar structure is a pre-requisite for inactivation of
biologically active LPS/lipid A.
The electron micrographs of LPS in the absence and
presence of Gra-pep (Fig. 9A, B) are in complete accordance
with this mechanism. With the exception of older papers on a
poorly characterized smooth form LPS (see, for example, [32])
EM pictures of LPS have not been reported. Pure LPS Ra
exists as elongated fibrillary cylinders (Fig. 9A) corresponding
in diameter to the bilayer thickness, which would be in
accordance with a former SAXS study which showed only
broad diffraction patterns consistent with unilamellar bilayer
structures [24]. In the presence of G12.21, the LPS ag-
gregation changes completely into domains with parallel lying
tightly packed stacks with a repeat distance of about 9 nm
(Fig. 9B), corresponding to tightly arranged mutilamellar
structures. At this place it should be emphasized that for the
first time the detailed morphology of LPS assemblies in
parallel SAXS and EM investigations has been elucidated.
Fig. 8. Intercalation of Gra-pep/LPS/LBP samples and HEPES buffer control into target cell liposomes measured by fluorescence resonance energy transfer
spectroscopic (FRET). Presented is the FRET signal Id/Ia versus time. The samples were added subsequently at 50, 100, and 150 s to the liposomes.
2429X. Chen et al. / Biochimica et Biophysica Acta 1768 (2007) 2421–2431Both methods indicate the formation of multilamellar
aggregates by binding of LPS with G12.21.
An important step in cell activation is the binding of LPS to
LBP with the subsequent intercalation into target membranes
[20,33] (see Fig 7A). Although it is possible that Gra-pep
binding to endotoxin inhibits its membrane interaction and/or
impedes the interaction of LPS with important binding proteins
such as LBP or CD14 (LPS receptor expressed in monocytes),
the data in Figs. 7 and 8 show that the situation is more
complex. The Gra-pep not only intercalate by themselves into
target liposomes, but they also considerably enhance the
intercalation of LPS (Figs. 7B and 8). These data confirm and
extend our earlier model in which we proposed a membrane
step of cell activation by LPS [34]. Once LPS has incorporated
into the target membrane of immune cells, it may diffuse within
subdomains to associate with relevant signaling proteins. Due tothe conical shape of its lipid A part, LPS represents a strong
sterical disturbance within the membrane and thus may lead to a
conformational change of proteins involved in cell signaling. In
the present investigation, the peptides themselves and the LPS:
peptide complexes incorporate into the membrane. The peptide
causes a conversion into a lamellar structure, abrogating the
ability of the lipid A part to present a sterical disturbance. The
binding reaction of the peptide to LPS remains exothermic over
the whole concentration range tested until saturation occurs at
approximately [G12.21:[LPS] =1 mol/mol (Fig. 10). The
exothermic nature of this reaction implies that the dominant
reaction comes from the electrostatic attraction between the
positive charges of the peptide and the negative charge of the
endotoxin. An additional, entropically-governed reaction
between LPS and Gra-pep, due to the removal of the highly
ordered water layer in the backbone region of LPS [35], is
2430 X. Chen et al. / Biochimica et Biophysica Acta 1768 (2007) 2421–2431apparently much less important than the former effect. Further
investigations are in progress to elucidate details of these
processes.
5. Conclusions
In this study, multiple biophysical analyses of the interaction of
cationic granulysin-based peptides with bacteria and with isolated
LPS provide a mechanistic basis for the ability of the Gra-pep toFig. 9. Cryo-transmission electron micrographs of LPS from Salmonella
minnesota Ra (A) and in the presence of granulysin peptide G12.21 ([LPS]:
[G12.21]=5:1 molar) (B).
Fig. 10. Isothermal calorimetric titration of 0.05 mM LPS Ra with 2 mMG12.21
(30×3 μl every 5 min). Presented are the integrated peak areas of the single
titrations versus G12.21:LPS molar ratio.kill bacteria as well as to neutralize LPS. Both antimicrobial
activity and neutralization of LPS are desirable characteristics of
anti-septic agents. Decrease in the antimicrobial activity of Gra-
pep by LPS could be compensated by combination with other
antibiotics, whereas a lack in LPS neutralization cannot be
compensated by current antibiotics. Peptide neutralization of LPS
involves conversion of the LPS aggregate structure into a
multilamellar form and exothermic binding to LPS. This contrasts
with fluidization of the LPS acyl chains by agents such as
polymyxin [36]. Perhaps most interestingly, the final inactivation
process of LPS byGra-pep involves interactionswithmembranes.
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